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Consolidation  ofepowder  by£CAE 


Compressed  AgCu  powder 
blend,  >90%  dense 


AgCu  powder  blend 
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Potentiali  Benefits  of  Powder 
Consolidation  by  ECAE 


Small  heated  cross-section  relative  to  conventional 
area  reduction  extrusion  (better  heat  transfer 
conditions) 


Large  product  cross-sections  may  be  possible 


Consolidation  to  near  full  density  after  a  s 


Consolidation  to  full  density  at  lower  temperature 
than  needed  for  HIPing 

Lower  punch  loads  than  for  area  reduction  e 
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EC AE  Route  Descriptions 


Route 

name 

Min.  #  of 
passes 

Billet  rotations  about 
the  extrusion  axis 

Material 

Yield* 

Effect  on 
microstructure 

1 

2  4 

3 

4  N 

A 

1 

0° 

0° 

0° 

etc. 

0.58 

elongation  (lamellar) 

B(Ba) 

2 

+90° 

-90° 

+90° 

etc. 

0.67 

elongation  (filamentary) 

c 

2 

180° 

180° 

180° 

etc. 

0.83 

back/forth  shearing 

C’  (Be) 

4 

+90° 

+90° 

+90° 

etc. 

0.67 

back/forth  cross-shearing 

E 

4 

180° 

90° 

180° 

etc. 

0.78 

back/forth  cross-shearing 

*  Theoretical  yield  of  fully  deformed  material 
after  N=4  in  billet  with  length/width  ratio  of  6 


theoretical  Change  in  Particle  Surface 
Area  for  Different  ECAE  Routes 


Percent  increase  in  cubic  element  surface  area  for  different 

Route  numbers  of  passes  (N  values)  _ _ 

Name  0  |  1  |  2  |  4  |  8 

A  ~  0  41  103  235  502 

B  0  41  67  158  345 


ECAE  Tool  Characteristics 


Cross  Section 


ARO 

19x19  mm 
3  mm 


TEXAS 
25x25  mm 
0  mm 


ECAE  Consolidation  Processing  Conditions 


Material 
Open  or  Closed  Can 
Extrusion  Temp  (°C) 
Punch  Speed  (mm/s) 


Cm  Nanopowder  Project  Motivation 


♦  Difficult  to  achieve  graim  sizes  less  tfoaJBpO  jtojjsinq 
SPD  techniques  stajji ng j^SBicoarse  grain  structures.,. 

♦  Could  consolidation  of  nanoparticles  to  full  den^tvgbega 

metodlp  obtain  bulk  samples? . 


♦  Investigate  defermation  andjnecha|ical  properties  in 
bulk  naiaocrvstalline  materials., _ - 
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Initial  Cu  Powders 


50  nm 


100  nm 


Electroexploded  jte 
Nanopowder  i 
(O2»0.1wt%)  ® 
(FNAA) 

v  /  Pi 


Agglomerates 


Micropowder  (DOE  Ames)  Average  size  67  i 

99.99  wt%  Cu,  -325  mesh  (X-Ray  analysis) 

Ave.  Grain  Size:  4.2  microns  (X-Ray  analysis) 


Average  size  130  nm 
(X-Ray  analysis) 


Extrusion  and  Resting  Conditions 


ECAE  Route 

Can  Material 

Extrusion  Speed 

Powder  Size 

1A 

Copper 

0.1  ’’/see 

-  325  mesh 

2A 

2B 

2C 

4C 

2B 

Nickel 

0.1 ’’/see 

130  nm 

2C 

4E 

Annealed  Bulk  Copper 

75  pm 

500 

450 

400 

350 

300 

250 

200 

150 

100 

50 
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Tension  Experiments 
jCAlilgrocessed  Bulk  Samples 


Stress,  MPa 


Microcrystalline  Powder  Consolidate 
Tension  Experiments 


0  5  10  15  20  25  30 

Strain,  % 


Stress,  MPa 


Microcrystalline  Powder  Consolidate 
Compression  Experiments 


M  i cf os|Hptu  ralj^vo [ytio n  of  Microcrystalline 
Powder  Consolidate 


both  high  and  low 
dislocation  density 
areas 


2C 


very  high 

dislocation  density, 
not  well-developed 
subgrains 


~  200  nm 
dislocation  free 
subgrains 


very  high 

dislocation  density,  - 
well-developed 
subgrains 


Stress,  MPa 


■a  n  ocrystall  i  n  e  gowdeaConsol  i  date 
Tension  Experiments 


Strain,  % 


800 
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Nanocrystalline  Powder  Consolidate 
Compression  Experiments 


Nanocrystalline  Cu  powder  (150  nm) 
Processed  with  ECAE 
Compression  @  RT 
Compression  axis  =  Extrusion  Direction 


Route  B,  2  passes 
Route  C,  2  passes 
Route  E,  4  passes 
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yicrostructujaj  Evolution  of  ||pnocrystal|ine 

Powder  Consolidate 


Initial 

Powder 


Gram Siza  vs.  S t rejig t-m-Re la t i op sJai i p 


ECAE  Route 

Powder  Size 

Grain  Size 

Tension  (Extrusion  Direction) 

Compression 

X-Ray 

TEM 

E 

(GPa) 

Oy 

(0.2%) 

tfUTS 

Sf(%) 

E 

(GPa) 

<7y  (0.2%) 

tfUTS 

1 A 

-  325  mesh 
(4.2  pm  from 
X-Ray) 

- 

- 

109 

- 

- 

- 

81 

330  (FD) 

335  (FD) 

2A 

315  nm 

200  -  300  nm 
(some  grains  >500  nm) 

115 

406 

420 

1.9 

110 

437  (FD) 

477(FD) 

2B 

300  nm 

200  -300  nm  (some 
grains  <  100  nm) 

108 

433 

470 

19.2 

93 

428  (FD) 

488  (FD) 

2C 

250  nm 

200  -  300  nm 

114 

- 

430 

0.5 

106 

440  (FD) 

489  (FD) 

4C 

260  nm 

250  nm 

115 

418 

443 

9.4 

111 

418  (FD) 

460  (FD) 

2B 

130  nm 
(from  X-Ray, 
about  1 00 
nm  from 
TEM) 

110  nm 

70  -  100  nm 

104 

559 

573 

0.81 

101 

399 (ED) 

694 (ED) 

2C 

140  nm 

-200  nm  and 

50  -  80  nm 

- 

- 

- 

- 

92 

560  (ED) 

760  (ED) 

4E 

- 

-250  nm  and 
40  -80  nm 

92 

516 

546 

0.7 

90 

473 (ED) 

628  (ED) 

ECAE  processed  bulk  Cu 
(1  A) 

- 

200nm-  (>1  |unri  in  the 
elongated  direction) 

120 

287 

395 

7.4 

- 

- 

- 

ECAE  processed  bulk  Cu 
(2C) 

- 

200-500nm 

116 

310 

441 

18.2 

- 

- 

- 

ECAE  processed  bulk  Cu 
(4C) 

- 

200-500nm 

125 

346 

463 

23.4 

- 

- 

- 

Annealed  Bulk  Copper 

- 

75  pm 

120 

51 

256 

37.2 

- 

- 

- 

FD  =  Flow  Direction,  ED  =  Extrusion  Direction 


Conclusions 


♦  Successful  consolidation  of  microcrystalline  copper 
particles  to  full  density.  Route  2B  resulted  in  the  best 
results. 


Nanoparticles  were  consolidated  with  relative  success, 
■ensile  sjsrenaffl.-.  o||^3ii3||TIJ^|Palg  an^  Compressive 
strength  of  780  MPa  were  achieved.  Low  tensile 
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Zr-based  Metallic  Glass  Powder 
Consolidation  Motivation  /  Approach 

♦  Interest  in  production  of  bulk  amorphous  metal  for  structural 
applications. 

♦  Approach: 

-  ECAE  consolidation  of  gas-atomized  Zr-based  amorphous  metal 

powderJnto  bulk  amorphous  metal  Vikdpy  i06aJs  chosen  because  oft 
a  large  Tx-Tg. 

—  Compostion.  (Zr5g  5Nb2  3Cu1g6Ni12gAI1Q  3) 


Initial  Amorphous  Zr-based  Powders 


100  jiim 


( 

v  ^  T7 

A 

■  Powder  characteristics 

•  ^r58.5^2.8^U15.6^^12.8^10.3 

•  Gas  atomized  at  AMES-MPC 

•  38  jum  <  Diameter  <  150pm 

•  Batch  1:  ~  1280  ppmw  oxygen 
(0.57  at  %)  and  ~  266  carbon 
ppmw  in  dia.  <  75  jum 

•  Batch  2:  ~  780  ppmw  oxygen 

•  Amorphous  character 


As-Received  Powder 


Batch  1:  Tg  =  398  °C;  Tx  =  460  °C 
AT  =  62  °C 

Batch  2:  Tg  =  403  °C;  Tx  =  480  °C 


AT  =  77  °C 


Extrusions  Coiad itions 


Billet  ID 

Cu050 

Cu051 

Cu052 

Cu053 

Cu054 

Cu058 

Ni024 

Ni023 

Ni029 

Ni029 

Ni041 

Extrusion  Route 

1A 

1A 

1A 

1A 

1A 

1A 

1A 

1A 

1A 

2B 

2C 

Tdie(°C) 

440 

420 

420 

420 

400 

430 

410 

430 

410 

420 

410/420 

Tmaximum(°C) 

459 

NA 

NA 

NA 

420 

451 

415 

433 

421 

NA 

NA 

Punch  Speed  (mm/s) 

6 

1 

6 

12 

6 

6 

0.5 

0.5 

0.5 

0.5 

0.5 

Time  above  Tg  (s) 

NA 

NA 

NA 

NA 

NA 

148 

195 

382 

231 

NA 

NA 

Time  above  Tt00i  (s) 

NA 

NA 

NA 

NA 

NA 

23 

77 

44 

147 

NA 

NA 

Microhardness  (HV50o) 

520  ±  35 

493  ±  25 

475  ±  15 

480  ±  20 

480  ±33 

484  ±  15 

488  ±4 

490  ±5 

NA 

493  ±5 

497  ±4 

Batch  1  (1280  ppmw  02)  (HV500  =  467  ±  35) 

Batch  2  (780  ppmw  02)  (HV50o  =  NA) 

-Nickel  cans  contain  VI 06a  with  780  ppmw  oxygen  (T  =  403 °C  - 
Tx=480  °C) 

-  Copper  cans  contain  V106a  with  1280  ppmw  oxygen  (T  =  398°C  - 
Tx=460  °C) 

Controlled  Variables: 

•Temperature  ♦Strain  Rate  ♦Extrusion  Rate 
•Oxygen  Content  ♦Hydrostatic  Pressure 


Billet  andjjie temperature  during  ECAE 


Temperature  versus  time  for  billets  Cu058  and  Ni023  showing  the  sample  time  above  Tg  and  the  rise  in  temperature  due 
to  material  deformation  as  it  passes  through  the  shear  zone.  Both  billets  were  extruded  with  the  die  at  430°C  and  with  a 
punch  speed  of  6  mm/s  and  0.5  mm/s  for  Cu058  and  Ni023,  respectively.  Note  that  the  horizontal  axis  is  only  a  time  scale 
and  not  an  indicator  of  the  amount  of  time  into  the  processing. 


Thejj||al  History  of  V106aKjowder 
Consolidations  on  TTT Diagram 
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100 

Time  (s) 
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D SC^uj^e s jjpflVjO 6 a  Powde| and 
Consolidates 


•  Combined  effects  of  oxygen  content,  temperature,  strain  rate,  and  can  material 


—  0.1  mm 


nne  Interparticle  Cracking 


0.1  mm 


Ni029 
410/420  °C 
Route  2B 
0.5  mm/s 


Effect  of  Oxygen.  Conte n t 


1280  ppmw 


Cu058 
430  °C 
Route  1A 
6  mm/s 


Cu052 
420  °C 
Route  1A 
6  mm/s 


780  ppmw 


Ni023 
430  °C 
Route  1A 
0.5  mm/s 


Ni029 
410/420  °C 
Route  2B 
0.5  mm/s 


Compressive  Response  of 
Consolidated  V106a  Powder 


3  mm. 

T~ 

6  mm 

w 


VI 06  compression 
curve  is  taken  from 
Choi-Yim  et  al.,  Acta 
Mater.,  2002. 


Compressive  Fracture  Surfaces 


430  °C,  6  mm/sec 


420  °C,  6  mm/sec 


Conclusions 


♦  Full  consolidation  with  one  ECAE  pass  at 
ggttem oeratures  of  Tg  and  nigner  without  significant 

crystallization. 

♦  Fine  inter-particle  cracks  are  sometimes  present  in 
the  consolidate 


r  oxygen  content  level  restricts  t-T  space 
consolidation^  decreases  ductility,  —decn 

Eromotes  crystallization  and  inhibits 
ending  due  to  surface  oxides. 
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Lessons  Learned 


Problems  Identified 

1.  It  is  difficult  to  achieve  grain  sizes  <  lOOnm  using 
ECAE  when  starting  from  coarse  grain  structures 

2.  Residual  porosity  (from  initial  powder 
agglomerates)  may  be  a  problem  for  nanoparticle 
consolidation  and  mechanical  properties. 

Particle  surface  contamination  (Oxy 


D  j 


is  n 


i  ^  j 


Severe  plastic  deformation  may  result  in  Jo 

and  dynamic  recrystallization  (for . . 

crystalline  phases)  or  crystallization  (for  arnorphou 
phases). 

Brittle  material  (whether  the  precursor  is  oayti 
or  bulk)  is  difficult  to  ECAE  process  without 
srsjcJdijrj. 


Lessons  Learned 


Encouraging  Results 

1.  Cu  nanopowder  can  be  effectively  consolidated  by 
ECAE:  One  pass  gives  nearly  full  density;  two 
passes  improves  mechanical  properties. 


Questions  Reipifi 


Are  the  properties  of  ECAE  processed  powder 
consolidates  isotropic? 


How  do  HIPing,  area  reduction  extrusion  and 
ECAE  compare  with  respect  to  effectiveness 


(level  of  material  properties  in  consolidate  and 
e  of  orocessina)  of  powder  consolidat 


SJ , 


SB 

Can 


CAE  proce: 


powder 


consolidation  be  scaled  up  for  the  production 
of  high  efficiency  structural  components? 


Cafr )  mworpti  PtB 
below  T  ? 
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